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Abstract
We introduce a novel technique for the determination of the fusion state of laser welded blind joints (e.g. overlap joints)
by measuring the vibrations of the workpiece during the welding process. In case of incomplete fusion, the workpiece 
vibrations differ significantly from the vibrations observed during a sound weld. The detection of the vibrations is
performed by observing a speckle pattern on the workpiece surface. The movement of this pattern allows remote detection 
of the workpiece oscillations close to the keyhole. Those oscillations contain information on the fusion state of the weld.
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1. Motivation / State of the Art
In automotive manufacturing laser welding offers great flexibility and a high degree of automation. However,
the occurrence of weld defects is detrimental to the full exploitation of these advantages. Very critical weld
defects are the so called false friends where the weld seam looks suitable on the upper and the lower joining
partner, but the connection is not qualified for transferring the demanded strengths due to insufficient fusion
between the joining partners. Unfortunately, the perfect determination of the fusion state for blind joints (e.g. 
overlap joints), which are widely used in automotive engineering, is an unsolved challenge for laser 
welding(Kuhl et al., 2009; Dorsch et al., 2012 and Doubenskaia et al., 2009).Observations of the weld pool
* Corresponding author. Tel.: +49 91318523236
E-mail address: felix.tenner@lpt.uni-erlangen.de
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.)
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
516   F. Tenner et al. /  Physics Procedia  41 ( 2013 )  515 – 519 
 
(Eriksson et al., 2011) and the vapor plume (Brock et al., 2011) showed that these features exhibit a highly 
dynamic behavior, which is hard to analyze and evaluate. Blug et al., 2012 showed a promising approach to 
use observations of the full penetration hole to control the penetration depth and fusion state of a laser 
welding process.  
In this paper we present a new method that is capable of detecting the fusion state of over-lap joints remotely 
and in real-time via the evaluation of the workpiece vibrations using a speckle sensing techniquedeveloped by 
Zalevsky et al., 2009. We show a direct, but contactless, approach to measure the fusion state for blind joints 
which could be a basic principle for a feedback control system.  
2. Theory of the SpeckleSensing Technique 
In our speckle sensing technique we locally illuminate the upper joining partner with a laser to generate a 
secondary speckle pattern. The pattern is imaged with a defocused high speed camera at an angle of 
approximately 45°. Thus, changes of the speckle pattern (i.e. the location of its local intensity maxima), which 
can be attributed to vibrations of the metal sheet, can be detected. Fourier analysis of the measured maxima 
positions then allows for the estimation of the vibration amplitude of the sheets. We derived the following 
resulted speckle patterns: 
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Here, F0 is a scaling factor having the unit of meters,  is the tilting angle of the workpiece,  is the x-y-
shift of the imaged speckle pattern on the camera chip,  is the wavelength of the illuminating laser and the 
angle  quantifies the balance between Fraunhofer(far field) and Fresnel (near field) diffraction. Thus,  is a 
measure of how valid the far field (Fourier transform) approximation is. Its value ranges between 0 and /2, 
where =0 applies to the near field and = /2 to the far field. The expression of Eq. 1 is obtained from the 
mathematics developed for the fractional Fourier transform from Ozaktas et al., 2001. The shift of the 
diffraction pattern that is imaged onto the camera chip  depends on the tilting angle  and the actual shift 
of the workpiece x, as shown in Eq. 2: 
cossintan' 0 xFx  (2) 
By defocusing the camera, i.e. focusing on a plane with an axial distance of approximately 10 cm from the 
sample surface, far field diffraction effects are prevailing ( = /2) and shifting of the imaged speckle pattern 
 is related only to the tilting angle . For our measurements, the lateral workpiece shift is negligible 
and the tilting angle is very small and thus the changes in it can mostly be related to the movement in the 
direction of the surface normal, i.e. movement caused due to the vibrations of the metal sheet. 
3. Experimental Setup and Results 
For illuminating the workpiece surface we used a frequency doubled Nd:YaG Laser (Roithner CW532-04, 
532 nm, 100 mW). The speckle pattern was imaged by a high speed camera (LaVisionHighSpeedStar 6, 
frame rate 20 kHz). The distance between the illumination laser and the camera to the metal sheets was 
approximately one meter. Furthermore a TruDisk 4002 Yb:YAG laser (wavelength 1030 nm, maximum 
output power 4 kW) which was coupled to focusing optics (BEO D70, focal length 200 mm, focus diameter 
600 μm) in order to weld stainless steel plates (X6CrNiTi18-10) of 1 mm thickness in overlap configuration 
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was used. The illumination laser was directed 15 mm in front of the laser interaction zone to gain high signal 
levels and to reduce the influence of the clamping situation of the steel sheets on the measurement. 
Our first laser welding experiments were performed with a mean laser power of 3 kW a feed rate of 5 m/min 
and two different clamping situations: without and with a 500 μm gap between the steel sheets, resulting in a 
sound weld and a false friend (lack of fusion), respectively (see Fig. 1).  
 
Fig. 1. First experiment for determining workpiece oscillations. Left: experimental setup with high speed camera and illumination laser; 
Middle: arrangement of the joining partners, which changes after half the weld seam length from a zero-gap to a 500 μm gap (spacers 
right) and with 
gap (lower right) 
Our evaluation showed that the amplitude of workpiece oscillations in case of incomplete fusion was three 
times higher than for the sound weld.  
Since the different workpiece vibration amplitudes might have been caused by the slight differences in the 
clamping situation (shown by spacers s in Fig. 1), we performed a second experiment with the sheets clamped 
identically as shown in Fig. 2, using a constant torque of 30 Nm. After half of the weld the mean laser power 
was raised from 2 kW to 3.5 kW, inducing a change in the welding mode from partial to full penetration. For 
the setup without gap (1a and 1b in Fig. 2) the workpiece vibration amplitude increases by a factor of 1.5 
when the welding mode changes from partial to full penetration and a sound weld evolves. With the same 
laser parameters we produced a false friend by inserting a gap between the joining partners, so that the sheets 
were not connected despite the full penetration of both sheets. For this configuration, the transition to full 
penetration is accompanied by a very strong increase of the vibration amplitude by a factor of 5. Fig. 3a and 
3b show the difference of the spectra of the workpiece vibrations between partial and full penetration for the 
sound weld (3a) and the false friend (3b) respectively. Comparing Fig. 3a with Fig. 3b the change of the 
amplitude of the workpiece vibrations is approximately three times smaller for an evolving connection than 
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for a false friend. From this we conclude that amplitudes of workpiece vibrations are useful indicators for the 
fusion of weld joints especially in the case of false friends where the defective state remains optically hidden. 
 
 
Fig. 2. Configuration of  joining partners for the second experiment 
 
Fig. 3. Differences of spectra of the workpiece oscillation (full penetration minus partial penetration), see sheet alignment Fig. 2  
a) sound weld (see configuration Fig. 2a) b) false friend (see configuration Fig. 2b) 
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Based on the fact that the lack of fusion was provoked with a change in the gap geometry (experiment one) 
and a change of the mean laser power (experiment two) we conclude that the increasing oscillation amplitude 
of the workpiece is not a measuring artefact but a reliable indicator. 
4. Summary & Outlook 
We have introduced a new method for determining the fusion state of steel sheets in an over-lap joint weld 
configuration. Evaluating the movement of speckle patterns on the workpiece surface with conventional 
frequency analysis, the workpiece vibration amplitude and frequency can be obtained. Our experiments 
showed that it is possible to automatically distinguish between a sound weld and a false friend by analyzing 
the workpiece vibrations.This technique is suitable for an industrial environment due to the high possible 
distance between the sensor and the workpiece and therefore to yield a very variable setup of the sensor 
system. In further research the use of a photodiode based imaging system and faster signal processing has to 
be developed to allow the control of fusion during laser welding with this method. 
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